A large-scale study of narrative comprehension using functional MRI was performed involving children of ages 5^18 years old using a recently published method, multivariate autoregressive modeling, modi¢ed for multisubject analyses to investigate e¡ective connectivity and its development with age. Feedback networks were found during a narrative processing task and involved e¡ective connectivity from Broca's area and the medial aspect of the superior frontal gyrus to the posterior aspects of the superior temporal gyrus bilaterally. The e¡ective connectivity from Broca's area to the superior temporal gyrus in the left hemisphere was shown to increase with age. The results demonstrate the feasibility of performing multisubject multivariate autoregressive modeling analyses to investigate e¡ective connectivity in the absence of an a priori model.
Introduction
The classic neural model of language involves two key areas within the left hemisphere. Wernicke's area, in the posterior temporal lobe, is thought to serve speech processing and language comprehension, whereas expressive language skills and processing of morphosyntactic features have been assigned to frontal regions. Communication between these two anatomical regions has been attributed to the arcuate fasciculus, illustrated in a recent imaging study using diffusion tensor tractography [1] . The role of this fiber bundle has been considered a feedforward mechanism, allowing information processed in Wernicke's area to be made available to Broca's area to serve such functions as preparing an oral reply to spoken information. In support of this model, temporal regions activate in response to spectrally complex and temporally ordered stimuli [2, 3] , which are characteristics of speech stimuli, whereas frontal sites do not activate in passive auditory processing tasks [3] .
More recent work, however, has raised questions concerning the traditional view of the left-hemisphere frontaltemporal language network. Both frontal and temporal sites appear to participate in semantic processing. Sites in the posterior temporal lobe routinely activate during processing of linguistic stimuli, in either printed or spoken form [4] . Frontal sites activate in semantic retrieval tasks [5] and activation is modulated by the degree of semantic association in word stimuli [6] . The location of activation for retrieval of words with a semantic cue seems to be more ventral than activation associated with retrieval to a phonological cue [5] suggesting that the contribution of the inferior frontal gyrus to these two aspects of linguistic stimuli are independent. Furthermore, additional frontal areas appear to be necessary when meaning accrues over the course of sentences, as in the case of narrative comprehension [7] , suggesting frontal participation in semantics goes beyond that associated with the meaning of individual words.
Frontal sites also participate in syntactic processing tasks (e.g. [8] ). It is, however, not clear whether frontal activation is due to a high syntactic load, or additional working memory demands. Left inferior frontal cortex activations are often seen in studies of verbal working memory [9] , and verbal working memory is thought to be a necessary prerequisite to processing syntactically complex utterances [10] . If Broca's area is supporting syntactic processing by holding incoming information in memory until the syntactic structure can be fully processed [11, 12] , then this implies that a functional mechanism must exist to pass information held in memory by Broca's area back to Wernicke's area for additional processing to fully derive the meaning.
Here we test the hypothesis that information is exchanged in a bi-directional manner between the superior temporal gyrus (including Wernicke's area) and Broca's area using data from a large-scale pediatric functional neuroimaging study [7, 13] involving over 300 children. One of the tasks used in this study required children to listen to stories constructed from sentences reflecting various syntactic forms, thought to place demands on verbal working memory (e.g. interrogatives, imbedded clauses) [14] . The story context in which these sentences occur requires children to build meaning across the entire time frame of the story; a skill thought to involve frontal regions neighboring Broca's area [15] . These stimuli therefore require two types of verbal working memory that should both engage frontal cortex and require feedback of information to superior temporal areas to integrate information held in working memory, with new information being processed by temporal lobe structures. Children were not asked to make responses during the presentation of the stories, which eliminates the possibility of frontal activation associated with decision making.
The data analysis method chosen was multivariate autoregressive modeling (MAR) [16] , a data-driven and hypothesis-unconstrained method of analyzing effective connectivity. Effective connectivity, defined as the influence one neuronal population has on another [16] , is distinguished from functional connectivity, which is defined as the correlation between one neuronal population and another. Although other methods such as linear structural equation modeling (LSEM) [13] are available, they require an a priori hypothesis; moreover, incorporation of bidirectional connectivity in the model may result in an unstable model, the result of loops.
Methods
This study involves a reanalysis of a previously published data set [7, 13] to investigate effective connectivity between frontal and temporal modules. A reanalysis of this dataset using MAR was deemed the most effective approach to investigate our hypothesis of bidirectional connectivity owing to the large sample size. Independent component analysis [7] of this data set was published previously and was also used to define elements of an LSEM [13] . Independent component analysis, however, is unable to provide a measure of effective connectivity, whereas LSEM suffers from the previously mentioned drawbacks. The most relevant details about the study are summarized below; we refer the reader to the originally published study [7] for further details.
In total, 302 children (145 boys, 157 girls) were successfully scanned for the study. [A small number of datasets (11) were discarded from the original study owing to subject compliance or image quality issues]. All participants were native monolingual English speakers. Of the study population, 278 of the participants were right-handed, 21 were left-handed, and 3 were ambidextrous according to the Edinburgh test for handedness. The racial/ethnic background of the participants was: 269 Caucasian, 22 African-American, two Asian, two Hispanic, two Native American, six multi-ethnic. All participants received the Wechsler Intelligence Scale for Children, third edition or the Wechsler Adult Intelligence Scale, third edition. Mean age was 11.773.74 years (range: 4.9-18.9 years.); mean Wechsler Full-Scale IQ was equal to 111.5714.1 (range: 70-147). Three participants had a Full-Scale IQ less than 80; they were not excluded from the study population as there was no documented history of learning disability, and the frequency of such findings was not greater than expected given the total sample size.
MRI scans were obtained using a Bruker 3T Medspec (Bruker Medizintechnik, Karlsruhe, Germany) imaging system. Details of the techniques used to obtain functional MRI (fMRI) data from younger children are given in [17] . The success rate is approximately 50% in children of 5 years of age, and improves to a success rate of over 90% in children of 9 years of age and above. EPI-fMRI scan parameters were: TR/TE¼3000/38 ms; BW¼125 kHz; FOV¼25.6 Â 25.6 cm 2 ; matrix¼64 Â 64; slice thickness¼ 5 mm; total scan time¼5 min and 30 s. In addition to the fMRI scans, whole-brain T1-weighted MP-RAGE scans were acquired for anatomical coregistration.
A 30 s on-off block design paradigm was used. One story, read by an adult female speaker, was presented during each 30 s task period. The stories were written around a core vocabulary that was selected to reflect words understood by children of 5 years of age. The sentences within the stories were varied so that a variety of syntactic forms were represented within each story. During each 30 s control period, pure tones of 1 s duration were presented at unequal intervals of 1-3 s. The frequency of each tone was randomly selected from a choice of 150, 200, 250, 500, 700, 900,** or 1000 Hz; tones were generated using SoundStudio (Apple Computer Inc., Cupertino, California, USA). The control condition was designed to control for sublexical auditory processing. The participant was instructed to listen to the stories so that he or she could answer questions about them after the scans. Performance data were obtained at the end of the scanning session by asking the participant to answer two multiple choice questions about each story.
Data were processed using in-house software written in IDL (Research Systems Inc., Boulder, Colorado, USA). Data were corrected for subject motion using a pyramid iterative algorithm; all datasets met the criterion of median voxel displacement (median computed across all time frames) at the center of the brain less than 2 mm. This criterion has been validated for acceptable motion via independent observation (Yuan et al., unpublished observation). The fMRI data were subsequently transformed into Talairach space using a linear affine transformation. The General linear model was used to find regions with significant within-group functional activation. The threshold used was Po1e-5 (Bonferroni corrected). Regions of interest were then drawn around each of the four functional regions (Fig. 1) found to exhibit functional activation (left superior temporal gyrus, right superior temporal gyrus, the medial aspect of the superior frontal gyrus, and left inferior frontal gyrus). Time courses were extracted from each region of interest for each participant (normalized to percentage change from the mean).
The MAR methodology, originally designed for singleparticipant analysis [16] , was here modified for group analysis. In the MAR approach, each time course is modeled as a linear sum of preceding time points from all regions. As in our case the task consisted of a block design, the on-off task reference function was also incorporated as a regressor.
To determine the model order of the MAR, the analysis was performed multiple times with different model orders and the restricted log-likelihood functions calculated using the residuals for each time course from each participant. The Bayesian information criterion (BIC) was used to estimate an optimum model order of one. Using the Akaike's Information Criterion also yielded an optimum model order of one. Although a more complicated Bayesian scheme for model order estimation was originally proposed [16] , the very large number of participants in our dataset makes the BIC a suitable technique, owing to the very large number of data points.
To modify the procedure for multiparticipant analyses, the T-scores from the MAR regressions for each participant were entered into second-level analyses, investigating both within-participants significance and correlations with participant age. The MAR analysis was repeated, incorporating interaction terms, as detailed in Ref. [16] , to test for whether the connectivity strengths differ between conditions (active or control).
Results
The task performance in this population (no. of questions answered correctly out of 10; mean7STD) was 7.7672.02. Over 85% (259) of the participants answered six or more out of the 10 questions correctly (corresponding to Po0.02 for rejection of the null hypothesis of responding by random chance). Thus, the children exhibited a high level of task compliance. A significant correlation (R¼0.29, Po1e-5) of task performance with age was observed. With regard to subject motion, there was also a high level of compliance (mean7STD¼0.78 mm70.39 mm; range: 0.18-1.97 mm). The majority (224 or 74%) of the participants exhibited motion of 1 mm or less. A significant correlation (Spearman's R¼À0.24, Po1e-4) of motion with participant age, however, was observed.
Areas with significant activation are shown in Fig. 1 . The regions found (Table 1) are: the superior temporal gyrus bilaterally, Broca's area in the left hemisphere, and the medial aspect of the superior frontal gyrus. Via the withinparticipant MAR analysis, the significant (Po0.01, Bonferroni corrected for the 12 connectivities tested) effective connectivities are: from Broca's area to the superior temporal gyrus bilaterally, and the medial aspect of the superior frontal gyrus; and from the medial aspect of the superior frontal gyrus to the superior temporal gyrus bilaterally. The effect size (mean T-score/SEM) was also computed for each of the preceding connectivities and found to be greater than d¼0.4. A significant (Po0.05, Bonferroni corrected) effective connectivity was also seen from the right superior temporal gyrus to Broca's area. A diagram of all significant effective connectivities is shown in Fig. 2 .
Each of the effective connectivities was also examined for significant correlations with age and task performance ( Table 2 ). The only connectivity with a significant correlation with age was that from Broca's area to the left superior temporal gyrus (R¼0.17, Po0.05, Bonferroni corrected). This correlation remained significant even after task performance was partialled out (partial R¼0.16, Po0.05) or after subject motion was partialled out (partial R¼0.15, Po0.05) and thus it is verified to be an effect of age and not an artifact of task performance or subject motion. None of the connectivities displayed a significant correlation with IQ or sex (determined via point-biserial correlation).
When the interaction terms were incorporated into the model, there were no significant differences in connectivity strengths between active and control epochs. This indicates 1413 that our results might reflect a general organization of the brain (and maturation in terms of the connectivity from Broca's area to superior temporal regions in the left hemisphere). Moreover, the BIC showed that the MAR model without inclusion of the interaction terms was more optimal. Hence there is not a significant difference between conditions and our results are reflective of correlated fluctuations between the brain regions.
Discussion
Our results provide functional MRI evidence supporting the presence of bidirectional connectivity between frontal and posterior temporal regions. The existence of such a pathway was suggested by the discovery that electrical stimulation of Broca's area produced cortical evoked potentials in Wernicke's area [18] . Here, an MAR approach substantiated the idea that an anterior-to-posterior connectivity between frontal and temporal language areas is employed during language processing. Results indicate that the activation in superior temporal regions is modulated by prior processing in Broca's area, possibly related to the working memory load involved in either syntactic processing [19] or building meaning over the course of a story [20] . The effective connectivity from Broca's area to the left superior temporal gyrus also displayed a significant agerelated increase. This connectivity involves the arcuate fasciculus, where a previous diffusion tensor imaging study displayed significant age-related increases in white matter anisotropy in the age range in this study [21] . Frontal regions also contribute to children's later memory for verbal material, and this activation also shows an age-related increase [22] . The existing literature does not shed light on whether activation for syntactic processing shows similar age-related changes in frontal activation. Thus, the frontaltemporal connectivity could reflect any of the cognitive components of the story listening task that have been associated with frontal activation.
Our results corroborate a previous fMRI study [23] , in which effective connectivity from the left inferior frontal gyrus for orthographic and phonographic tasks was found to be greater in adults as compared with children. This result was interpreted as evidencing the development of top-down cognitive control for language tasks in the left inferior frontal gyrus, modulating activity in temporal and parietal regions, in agreement with our results and hypothesis.
In addition to direct feedback from Broca's area, our results suggest mediated feedback, using the medial aspect of the superior frontal gyrus. As shown in Fig. 2 , there is significant effective connectivity to the medial aspect of the superior frontal gyrus from Broca's area, and there is also significant effective connectivity from the medial aspect of the superior frontal gyrus to the superior temporal gyrus bilaterally. The medial aspect of the superior frontal gyrus has been previously shown to be implicated in semantic processing [24] in normal adults. Thus, we would hypothesize that, in accordance with syntactic-semantic interaction, syntactic processing in Broca's area is modulating activity in the superior frontal gyrus and in the superior temporal gyrus.
An unexpected finding, however, was the lack of significant effective connectivity differences between the narrative comprehension task and the tones (control) task. It has been previously suggested that posterior superior temporal regions are more involved in spectral-temporal processing rather than language comprehension [25] ; our results would seem to be in line with this hypothesis, with the left inferior frontal gyrus exercising top-down control over activity in superior temporal regions for auditory processing tasks in general. It is also possible that this topdown control and effective connectivity will persist even in the absence of any auditory stimulus; a future study involving completely silent control periods will be necessary to test this hypothesis.
The large effect size (d40.4) obtained for most of our effective connectivity strengths also indicates that the multiparticipant MAR technique may yield sufficient sensitivity for studies involving smaller numbers of participants. MAR enables the data-driven, hypothesis-unconstrained investigation of effective connectivity; data-driven analyses using LSEM are subject to sample-specific confounds.
A limitation with using the MAR approach on this dataset is the rather long TR, which allows analysis of information transfer in the brain only on a macroscopic time scale. A weaker effective feedforward connectivity (dashed arrow in Fig. 2) was seen from the right superior temporal gyrus to Broca's area, whereas no significant effective connectivity was seen from the left superior temporal gyrus to Broca's area. Previous results from our laboratory using LSEM [13] support the ability of fMRI to detect such feedforward networks, as would be expected from the classical Wernicke-Geschwind model. We expect that this discrepancy is simply an artifact of the time delay (3 s) used in the MAR approach, as the feedforward connectivities occur on a shorter time scale.
Conclusion
A cohort of 302 children aged 5-18 years performed the task of narrative processing by listening to 30 s short stories. Activation was detected in the superior temporal gyrus bilaterally, Broca's area, and the medial aspect of the superior frontal gyrus. Analysis of the data via MAR resulted in feedback networks being found, with a time delay of 3 s, from Broca's area to the superior temporal gyrus, both directly and mediated through the medial aspect of the superior frontal gyrus. The results corroborate previously proposed syntactic-semantic interactions and connectionist models of language processing in the brain.
